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Abstract: P-glycoprotein is one of the earliest known multidrug transporters and plays an 
important role in resistance to chemotherapeutic drugs. In this study, we detected levels of 
P-glycoprotein and its mRNA expression in a rat brain model of medically intractable epilepsy 
established by amygdala kindling and drug selection. We investigated whether inhibition of 
P-glycoprotein affects the concentration of antiepileptic drugs in cortical extracellular fluid. 
We found that levels of P-glycoprotein and its mRNA expression were upregulated in epileptic 
cerebral tissue compared with cerebral tissue from normal rats. The concentrations of two anti- 
epileptic drugs, carbamazepine and phenytoin, were very low in the cortical extracellular fluid 
of rats with medically intractable epilepsy, and were restored after blockade of P-glycoprotein 
by verapamil. These results show that increased P-glycoprotein levels alter the ability of car- 
bamazepine and phenytoin to penetrate the blood-brain barrier and reduce the concentrations 
of these agents in extracellular cortical fluid. High P-glycoprotein levels may be involved in 
resistance to antiepileptic drugs in medically intractable epilepsy. 

Keywords: P-glycoprotein, medically intractable epilepsy, antiepileptic drugs, amygdala 
kindling, verapamil 

Introduction 

Although a number of new antiepileptic drugs have been launched over the past two 
decades, drug resistance remains a major problem. About 30% of patients are refrac- 
tory to treatment with more than one antiepileptic drug. This so-called medically 
intractable epilepsy is often associated with a poor prognosis, ie, increased morbidity 
and mortality in patients. 1 " 3 Therefore, it is important to investigate the mechanism of 
drug resistance in medically intractable epilepsy and develop new treatment strategies. 
Earlier research in the field of cancer has shown that the activity of P-glycoprotein and 
other ATP-binding cassette (ABC) transporters, such as multidrug resistance-associated 
proteins (MDRs), are directly related to drug resistance. 4,5 

MDR1 -encoded P-glycoprotein is widely expressed in tissues with an excretory 
function, including the liver, kidneys, and cerebrum, as an energy-dependent efflux 
transporter, and is involved in barrier functioning, such as in the blood-brain barrier. 5 
In normal tissues, P-glycoprotein is thought to participate in the protection of cells 
from toxins or xenobiotics. In the brain, P-glycoprotein is predominantly located 
on the membrane of capillary endothelial cells which form the blood-brain barrier. 
Overexpression of P-glycoprotein on endothelial cells of the blood-brain barrier would 
limit penetration of antiepileptic drugs into the brain and reduce drug concentrations in 
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cerebral tissue, suggesting that P-glycoprotein may be 
involved in mechanisms of drug resistance in patients with 
medically intractable epilepsy. 

There is accumulating evidence showing that P-glycoprotein 
is involved in resistance to antiepileptic drugs. Tishler et al 6 
were the first to report that P-glycoprotein is overexpressed 
in epileptogenic brain tissue from patients with pharma- 
coresistant partial epilepsy. More recently, P-glycoprotein 
was reported to be overexpressed in endothelial cells of the 
blood-brain barrier in a kainate model of temporal lobe 
epilepsy in rats. 7 To confirm this phenomenon, expression of 
P-glycoprotein was studied by real-time reverse transcription 
polymerase chain reaction (RT-PCR) and Western blot tech- 
nique in a rat model of medically intractable epilepsy created 
by amygdala kindling. 8 Previous research has confirmed that 
the concentration of phenytoin, a classic antiepileptic drug, 
in extracellular cortical fluid is significantly increased by 
inhibition of P-glycoprotein, indicating that phenytoin is a 
substrate for P-glycoprotein. 9 However, the opposite effect was 
observed for carbamazepine, another antiepileptic drug. 10,11 To 
address this issue directly, we undertook a brain microdialysis 
experiment to study the impact of P-glycoprotein inhibition 
on penetration of antiepileptic drugs through the blood-brain 
barrier in rats with medically intractable epilepsy. 

Materials and methods 

Materials 

Male Sprague Dawley rats (250-300 g) were obtained from 
the Shanghai Animal Center, Medical College of Fudan 
University, Shanghai, People's Republic of China, and main- 
tained in the animal facility at 20°C+2°C with a relative 
humidity of 60% and a 12-hour light and dark cycle for 5 days 
before the experiment. A total of 80 rats were used (four rats 
per cage). All rat experiments were carried out in accordance 
with the Guidelines for Animal Experiments of the Chinese 
Academy of Medical Sciences and with approval from 
the ethics committee for animal care at Jinshan Hospital. 

Thirty-two rats were randomly assigned to either a control 
group (n= 1 6) or to a group with medically intractable epilepsy 
(n=16) for detection of P-glycoprotein expression, and a further 
48 rats were randomly assigned to a phenytoin group (n=24) 
or a carbamazepine group (n=24) for a microdialysis experi- 
ment. The carbamazepine and phenytoin groups were further 
divided into three subgroups: a control group (n=8) comprising 
normal rats that received intraperitoneal injection of antiepi- 
leptic drugs (carbamazepine 20 mg/kg or phenytoin 50 mg/ 
kg, Sigma-Aldrich, St Louis, MO, USA); an epilepsy group 
(n=8) comprising kindled rats that received the same injections 
as the control group; and a verapamil group (n=8) comprising 



kindled rats that received 50 [\L of verapamil (20 mmol/L, 
Sigma-Aldrich) at a rate of 2.5 \lL per minute from the inflow 
tube into the cortex 30 minutes before intraperitoneal antiepi- 
leptic drug injection. 

Establishment of a medically 
intractable epilepsy model 

The amygdala kindling model was generated using a well 
established protocol. 12 Seizure severity was evaluated in 
accordance with the standards published by Racine. 13 Rats 
with three consecutive stage V seizures were considered to 
be successfully kindled and were injected intraperitoneally 
with phenytoin to screen for resistance. Successful creation 
of a medically intractable epilepsy model was deemed to 
have occurred if there was a reduction in the after discharge 
threshold. The after discharge threshold was determined using 
an ascending series procedure whereby electrical kindling 
stimulation (2 seconds, 60 Hz, biphasic square wave pulses) 
was started at 20 uA and increased in steps of 20 uA until an 
after discharge was triggered. The interval between stimula- 
tions was one minute. The after discharge threshold was 
defined as the minimum current intensity required to provoke 
a synchronous spike-and-wave pattern of at least 3 seconds in 
the electroencephalogram. Rats that did not respond to pheny- 
toin were considered to have medically intractable epilepsy 14 
and electrode-implanted animals that did not display electrical 
kindling stimulation were used as the control group. 

RNA extraction and real-time RT-PCR 

Total RNA was extracted from rat brain tissue using TRIzol 
reagent (Invitrogen, New York, NY, USA). Total RNA (1 ug) 
was reversely transcribed using a reverse transcription kit 
(MBI Fermentas, Burlington, OT, Canada), followed by 
polymerase chain reaction amplification. Primers for MDR1 
and fi-actin were synthesized by Shanghai Saibaisheng Com- 
pany (Shanghai, People's Republic of China). The primer 
sequences were: 5'-ACTCGGGAGCAGAAGTTTGA-3' 
(forward) and 5'-GGAGCCACTGGACATTGAGT-3' 
(reverse) for MDR1 (600 bp); and 5'-AACCCTAAGGC- 
CAACCGTGAAAAG-3' (forward) and 5'-TCATGAG- 
GTAGTCTGTCAGGT-3' (reverse) for fi-actin (241 bp). 
Thirty cycles of PCR were performed. The products of 
PCR were then separated on 1 .5% agarose gel and analyzed 
using a gel imaging system (GeneGenius®, Syngene Co, Ltd 
Cambridge, UK). 

Western blotting 

Total protein was extracted from brain tissue using the fol- 
lowing protocol. Equal amounts of protein samples were 
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separated by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis and transferred to polyvinylidene difluoride 
membranes. Each membrane was incubated using rabbit 
anti-rat primary antibody (1:500) and then horseradish 
peroxidase-conjugated goat anti-rabbit secondary antibody 
(1:2,000). Signals were determined using an ECL-Plus kit 
(GE Healthcare, Little Chalfont, Buckinghamshire, UK). 

Brain microdialysis 

Each rat was anesthetized by intraperitoneal injection of 
1% pentobarbital sodium (Sigma- Aldrich) at 40 mg/kg. A 
microdialysis probe was implanted according to stereotaxic 
coordinates. The head of the rat was then fixed in a stereotaxic 
apparatus (RWD Life Science Co, Ltd, Shenzhen, People's 
Republic of China) and a hole was drilled in the middle of the 
frontal cortex, 1 mm from the anterior fontanelle. A catheter 
was inserted via the hole into the cerebral cortex from the ver- 
tical line at a 30-degree angle to a depth of 3 mm and then fixed 
with dental cement. After connecting the microdialysis device, 
the catheter probe was inserted into the cerebral cortex of the 
rat. The catheter probe consists of a shaft with a semiperme- 
able fiber membrane at its tip and was inserted into the cortex 
in its entirety. The microdialysis experiment was performed 
one week after surgical implantation of the probe. 

The recovery efficiency of antiepileptic drugs was measured 
prior to each microdialysis. Briefly, the artificial cerebrospinal 
fluid rate with 20 Ug/mL carbamazepine or phenytoin was 
injected using a microperfusion pump (KD 1 00, KD Scientific 
Inc, Holliston, MA, USA) through the inflow tube, probe, and 
outflow tube at a constant flow rate (2.5 uL per minute), then 
balanced for 1 hour. Following three consecutive collections 
of 30 uL of effluent from each group, the concentration of 
effluent drug was determined. Recovery efficiency was calcu- 
lated based on the concentration of the effluent drug over the 
standard concentration of drug. For microdialysis sampling, 
25 uL of exchanged effluent dialysate was collected at different 
time periods after intraperitoneal injection of carbamazepine 
or phenytoin. The drug concentration in extracellular corti- 
cal fluid was normalized to the recovery efficiency; the drug 
concentration in cortical extracellular fluid was equal to the 
drug concentration in dialysate/recovery efficiency. 

Measurement of drug concentration by 
high-performance liquid chromatography 

Concentrations of carbamazepine and phenytoin in serum 
and dialysate were detected using high-performance liquid 
chromatography (Model 510, Beijing Syltech Scientific 
Instrument Co, Ltd, Beijing, People's Republic of China). 
For measurement of serum drug levels, 200 uL of acetonitrile 



containing 10 |ig of hexobarbital (as an internal standard) was 
added to 200 |iL of serum. This mixture was then agitated for 
15 seconds and centrifuged for 10 minutes. The supernatant 
(15 uL) was injected into the chromatography column. For 
measurement of the dialysate, 1 |iL of acetonitrile containing 
hexobarbital was added to 20 uL of dialysate. The mixture 
was left to stand for 1 0 seconds, and a total of 1 5 uL was then 
injected into the chromatograph. A 20 uL sample was pre- 
pared according to the protocol. Chromatographic conditions 
were as follows: column ODS C 1 8 (200 mm * 4 mm, 10 |im 
particle size, Lichrosorb RP); mobile phase, methanol/ water 
(55:45, v:v); flow rate, 1.3 mL per minute; ultraviolet wave- 
length of detection, 210 nm; pressure of pump, 1,500 psi; 
and paper running speed, 0.5 cm per minute. Minimum 
detection was 0.4 Ug/mL for phenytoin and 0.3 Ug/mL for 
carbamazepine. 

Statistical analysis 

All statistical analyses were carried out using SigmaStat 
(Chicago, IL, USA). Pairwise comparison of P-glycoprotein 
expression and antiepileptic drug concentration between 
the groups was done using either the paired Student's Mest 
or one-way analysis of variance as indicated. The data are 
presented as the mean ± standard deviation. Differences were 
considered to be statistically significant at P<0.05. 

Results 

Selection of phenytoin responders 
and nonresponders 

Among the 20 kindled rats treated with phenytoin, eight were 
resistant (nonresponders) and nine showed variable responses 
to phenytoin (responders). The remaining three rats did not 
pass the drug selection phase due to variability in the after 
discharge threshold. 

Upregulation of P-glycoprotein in cortex 
and hippocampus of epileptic rats 

Real-time RT-PCR showed that MDR1 (P-glycoprotein 
mRNA) expression was higher in the cerebral tissue from 
epileptic rats than in that from normal rats (Figure 1A). 
Semiquantitative analysis by densitometry illustrated that the 
amount of MDR1 expression was significantly increased in 
the hippocampus and cortex of kindled rats (cortex, _P=0.002; 
hippocampus, P=0.013 [Figure IB]). However, there was no 
difference between MDR1 levels in the cortex and those in 
the hippocampus in the control or epilepsy group, indicat- 
ing that the increase in MDR1 levels were characteristic 
of epilepsy regardless of its distribution in the cerebra. In 
addition, P-glycoprotein levels were significantly increased 
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Figure I Expression of P-glycoprotein and its mRNA in cerebral tissue. MDRI was determined using real-time reverse transcription polymerase chain reaction and P-glycoprotein 
using Western blotting. RNA and total protein was extracted from the hippocampus (H) and cortex (C) of control rats and kindled rats. (A) Products of PCR were run on a 
l% w/w agarose gel. /3-actin (lower band, 24I bp) and MDRI (upper band, 600 bp) are shown. (B) Semiquantitative analysis using gel after densitometry. The amount of MDRI 
expression is represented by the ratio of MDR I to 0-actin (mean ± standard deviation, n-8) and normalized. *P<0.05 versus control group. (C) Western blotting of P-glycoprotein, 
and (D) quantitative analysis. The amount of P-glycoprotein expression was normalized to p-actin (mean + standard deviation, n-8). *P<0.05 versus control group. 
Abbreviation: PGP, P-glycoprotein. 



in cerebral tissue from epileptic rats (n=8; cortex, P=0.0003; 
hippocampus, P=0.0001) as shown in Figure 1C and D. 

Inhibition of P-glycoprotein increased 
antiepileptic drug concentration 
in extracellular cortical fluid 

Since the serum concentration of drugs is an indicator after the 
administration of drugs, we first detected the serum phenytoin 
concentration after intraperitoneal injection. After injection of 
phenytoin 50 mg/kg, plasma phenytoin levels peaked rapidly 
and were maintained at 15^-5 minutes after administration. 
The serum phenytoin concentration was 12.29-17.35 Ug/ 
mL at 15-180 minutes post-injection (Figure 2A). Next, we 
measured concentrations of phenytoin in extracellular cortical 
fluid after it had passed through the blood-brain barrier. In the 
control rats, phenytoin rapidly crossed the blood-brain barrier 
into cerebral tissue, and was detectable in extracellular cortical 
fluid at 1 5 minutes after administration. The highest phenytoin 
concentration in extracellular cortical fluid was 1 .24+0.23 |lg/ 
mL at 60 minutes post-injection (Figure 2B), with levels in 
the range of 0.59-1 .24 |lg/mL seen over 15-180 minutes. The 
ratio of the concentration of phenytoin in extracellular cortical 
fluid to that in serum was 3%-8%. In kindled animals, pheny- 
toin could be detected in extracellular cortical fluid 1 5 minutes 



after administration, reaching a peak at 60 minutes, and then 
gradually decreasing thereafter. The trend of drug concentra- 
tion in the cortical extracellular fluid of epilepsy was similar 
to that in normal group. However, compared with controls, 
phenytoin concentrations in the extracellular cortical fluid of 
kindled rats was significantly lower than in the control group 
at each time point over 30-180 minutes (P=0.038, 0.034, 
0.001, 0.01 1, 0.010, 0.025, and 0.007, respectively, n=8) as 
shown in Figure 3A). 

As with phenytoin, mean plasma carbamazepine levels 
peaked at 11.26+2.12 |ig/mL 15 minutes after intraperi- 
toneal injection at a 20 mg/kg dose, and then gradually 
decreased. Carbamazepine concentrations ranged from 
5.94 to 1 1.26 |ig/mL over 15-180 minutes (Figure 2C). In 
the control group, carbamazepine passed rapidly through 
the blood-brain barrier into cerebral tissue, as determined 
by carbamazepine levels in extracellular cortical fluid at 
15 minutes after injection of the drug. These peaked at a 
mean of 1.52+0.22 |J.g/mL at 90 minutes post administra- 
tion (Figure 2D), and ranged from 0.71 to 1.52 ixg/mL over 
15-180 minutes. The ratio of carbamazepine concentra- 
tion in extracellular cortical fluid to that in serum ranged 
from 6% to 19%. In kindled animals, carbamazepine was 
detectable in extracellular cortical fluid at 15 minutes post 
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Figure 2 Concentrations of carbamazepine and phenytoin in extracellular cortical fluid and serum. 

Notes: Serum concentrations (A,C) and the cortical extracellular fluid (B,D) of AEDs were detected at the time indicated (post-injection). The highest PHT concentration 
in serum and the cortical extracellular fluid was at 30 minutes and 60 minutes, respectively, after intraperitoneal injection with 50 mg/kg PHT (n— 8), and the highest CBZ 
concentration in serum and the cortical extracellular fluid was at I 5 minutes and 90 minutes, respectively, after intraperitoneal injection with 20 mg/kg CBZ (n-8). 
Abbreviations: CBZ, carbamazepine; PHT, phenytoin; AED, antiepileptic drug. 



administration, reaching a peak at 90 minutes, and then 
gradually decreased. The fluctuation trend in extracellular 
cortical fluid was similar in the epilepsy and control groups. 
However, the carbamazepine level found in extracellular 
cortical fluid from kindled rats was much lower than that in 
controls at each time point over 30-150 minutes (_P=0.024, 
0.014, 0.016, 0.006, 0.028, and 0.016, respectively, n=8), 
as shown in Figure 3B. 

In addition, verapamil, a P-glycoprotein inhibitor, did 
not change the concentration trend of phenytoin and car- 
bamazepine, but significantly increased antiepileptic drug 
concentrations in extracellular cortical fluid from rats with 
epilepsy at each time point in the phenytoin group (Fig- 
ure 3A, n=8, P=0.024, 0.003, 0.015, 0.031, 0.028, 0.005, 
0.008, and 0.016 versus epilepsy group, respectively) and 
at 45, 60, and 120 minutes in the carbamazepine group 
(Figure 3B, n=8, P=0.028, 0.016, and 0.036 versus epi- 
lepsy group, respectively). The phenytoin concentration 
in rats with epilepsy after treatment with verapamil was 
similar to that in control group, indicating that inhibition 
of P-glycoprotein alters the ability of antiepileptic drugs to 
penetrate the blood-brain barrier, restoring the accumulation 
of phenytoin in extracellular cortical fluid. 



Discussion 

P-glycoprotein is known as ABCB1 and belongs to the 
ATP-binding protein superfamily. 15 The characteristics 
of this molecule include two nucleotide-binding domains 
and three membrane-spanning domains, the function of 
which appears to involve an ATP-dependent drug pump. 
Organic anions and pharmaceutics are pumped across the 
plasma membrane. 1617 As a key multidrug transporter in 
the cerebrum, P-glycoprotein is involved in the function- 
ing of the blood-cerebrospinal and blood-brain barriers, 
which can remove excess brain metabolites and prevent 
toxic exogenous substances from entering into the brain 
tissue and so help to maintain the stability of the brain 
environment. 18-20 In normal conditions, expression of 
P-glycoprotein at both the protein and mRNA levels is 
low in the hippocampus and cortex, as we observed, sug- 
gesting that low P-glycoprotein is sufficient for cerebral 
homeostasis. 2122 

However, in pathologic conditions, such as medically intrac- 
table epilepsy and glioma, P-glycoprotein expression in capillary 
endothelial cells and astrocytes is increased. 23 " 25 Our research 
confirms that P-glycoprotein is highly expressed in the cerebrum 
of rats with medically intractable epilepsy, as detected by real- 
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Figure 3 Concentrations of phenytoin (A) and carbamazepine (B) in extracellular cortical fluid as measured by high-performance liquid chromatography. 
Notes: Both CBZ and PHT in the cortical extracellular fluid of kindled rats were very lower than those in controls at each time point during 30-180 minutes and 30-150 
minutes respectively (n— 8). The administration of verapamil significantly restored PHT concentrations at each time point (A, n— 8, P-0.024, 0.003, 0.0 1 5, 0.03 1 , 0.028, 0.005, 
0.008 and 0.0 1 6 versus epilepsy group, respectively), and CBZ concentrations at 45 minutes, 60 minutes and I 20 minutes (B, n— 8, P-0.028, 0.0 1 6 and 0.036 vs epilepsy 
group, respectively). 

Abbreviations: CBZ, carbamazepine; PHT, phenytoin. 



time PCR and Western blotting. Previously, cell lines have been 
used in vitro and gene knockout rats have been used in vivo; 
however, we used the rat amygdala kindling model which can 
effectively mimic uncontrolled seizures in humans. 

The findings of our research are in agreement with those 
of other recent studies showing that high expression of 
P-glycoprotein may be involved in drug resistance. 26-29 The 
present data provide evidence that carbamazepine and phe- 
nytoin are substrates for P-glycoprotein at the blood-brain 
barrier. Thus, overexpression of such efflux transporters in 
focal epileptogenic cerebral tissue may impair the ability of 



an anti epileptic drug to pass through the blood-brain barrier. 
P-glycoprotein can pump antiepileptic drugs out of cerebral 
cells and/or tissue, decreasing drug concentrations in the extra- 
cellular cortical fluid, which could explain why when the first 
antiepileptic drug prescribed was not effective, switching to a 
combination of antiepileptic drugs or to another antiepileptic 
drug still yielded similarly negative results, despite the various 
pharmacologic mechanisms of antiepileptic drug action. 

Verapamil has been considered to be able to antagonize 
P-glycoprotein function effectively. 30-33 By inhibit- 
ing P-glycoprotein with verapamil, we found that the 
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concentration of phenytoin was significantly increased 
in extracellular cortical fluid from animals with medi- 
cally intractable epilepsy. Similarly, verapamil markedly 
increased carbamazepine concentrations in extracellular 
cortical fluid. However, it remains controversial whether 
carbamazepine is a substrate for P-glycoprotein. One view 
is that carbamazepine undergoes extensive metabolism, 
with the initial oxidative pathways catalyzed by cyto- 
chrome (CYP3)A4 and CYP2C8, 34 and there is overlap 
between substrates for CYP3A4 and P-glycoprotein. 35 
Therefore, the effect of verapamil on carbamazepine is 
probably due to inhibition of CYP3A4 and not P-glyco- 
protein. 36 However, our investigations confirm that the 
decreased concentrations of carbamazepine and phenytoin 
in extracellular cortical fluid are associated with upregu- 
lation of P-glycoprotein in the epileptogenic cerebrum. 
Therefore, further studies are needed to clarify the rela- 
tionship between P-glycoprotein and carbamazepine in 
drug resistance. 

The mechanism by which P-glycoprotein comes to be 
highly expressed in cerebral tissue from rats with medi- 
cally intractable epilepsy is unclear. However, two studies 
have shown that chemotherapeutic agents and chemical 
carcinogens, such as barbiturates, cisplatin, and the anti- 
biotic rifampicin, can induce P-glycoprotein and increase 
its expression. 3738 Thus, antiepileptic drugs may induce 
an increase in P-glycoprotein expression in epileptogenic 
cerebral tissue. Other studies have shown that selection of 
antiepileptic drugs is crucial for new patients with epilepsy, 
especially in childhood. The initial response to antiepileptic 
drug treatment is highly predictive of the long-term out- 
come, and appropriate drug selection should avoid drug 
resistance. 39Jtl In addition, seizures may upregulate the 
expression of P-glycoprotein. 

In conclusion, our findings demonstrate that P-glycoprotein is 
upregulated in the epileptic cerebrum. Increased P-glycoprotein 
levels reduced the ability of antiepileptic drugs to penetrate the 
blood-brain barrier in rats with medically intractable epilepsy, 
whereas inhibition of P-glycoprotein improved antiepileptic 
drug concentrations in extracellular cortical fluid, suggesting 
that P-glycoprotein is involved in resistance to antiepileptic 
drugs in medically intractable epilepsy. 
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